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shown that architecture could be used to manipulate the reactivity of aluminum/ copper oxide (Al/CuO) thermites by tailoring the flow of gases and entrained particles using structure. [23] A similar behavior had previously been seen in porous-Sibased energetic materials. [21] This is an exciting result in that it enables one to tailor the energy release rate in such materials without defaulting to the conventional approach of changing the formulation.
To further expand upon the previous results, we seek to develop AM formulations which can enable a wide range of architectures to be printed. With this, we can design test articles to further understand and quantify to what extent architecture can be used to control reactivity. However, the direct printing of thermite raises safety concerns since, as-mixed, the materials can lead to a rapid reaction in the event of accidental ignition. A far safer approach would be to formulate the precursor materials separately, and then to directly mix during the printing process.
In this work, we formulated an Al and a CuO precursor ink separately. One factor in the choice of these precursors was to pick two systems that could be formulated with similar rheological properties, as disparate rheological properties could lead to potential issues during mixing operations. Al and CuO powder feedstock materials were formulated using micron-sized particles of the materials incorporated into an aqueous hydrogel matrix to render an extrudable prethermite "ink." The rheology of these high solids loaded prethermite inks had to be such that the inks could be extruded through a nozzle (i.e., shear thinning) as wet filaments. The formulation parameters can be seen in Table 1 , and some considerations are discussed later in the text. Once formulated, the inks were loaded into a syringe and mounted on the printer. A schematic of the printing setup is shown in Figure 1 . The basic components of this setup are highlighted, and include two mounts for syringes, linear extrusion motors, and a precise xyz positioning stage (Aerotech). After extrusion, parts are dried in air and the as-deposited printed filaments retain the properties possessed by the dry powder feedstock material. The formulation and printability of the individual materials are investigated; we subsequently show that the two materials can be mixed on-the-fly to render an ignitable thermite ink.
Additive manufacturing (AM) has recently shown great promise as a means to tailor a wide range of material properties, both quasi-static and dynamic. An example of controlling the dynamic behavior is to tailor the chemical energy release rate in composite energetic materials such as thermiteswhich are a subset of pyrotechnics that use a metal fuel and a metal oxide as an oxidizer. Since these materials are most hazardous once finely mixed, the approach taken here is to formulate the fuel and oxidizer separately such that they can be mixed on-the-fly. Herein, the development, formulation, and characterization of two respective aqueous 3D printable inks consisting of Al and CuO are discussed. The rheological properties and ability of the material to span gaps are characterized. To demonstrate that the materials could be mixed and sustain a reaction, the inks are fed into a static mixing nozzle and extruded into a high-aspect ratio test strip. Upon drying, the material can be ignited and sustain a propagation through the part. These results present a facile, and safe, way to AM thermite which can be used for more detailed follow on studies looking at the role of architecture on the reactivity. Dr 
3D Printed Thermite
The field of 3D printing has recently experienced a massive surge in growth and maturation, especially with regard to the development of thermoplastics, [1] UV curables, [2] silicones, [3] and a variety of metal powder-based materials. [4] The ability to additively fabricate structures with novel architectures and render materials with enhanced properties has been demonstrated and well established. [5] This has been applied to control mechanical, [6] [7] [8] [9] [10] optical, [11] [12] [13] and electronic [14] [15] [16] properties of materials, as well as enable new functional materials. [17] [18] [19] [20] While a large portion of studies focus on quasi-static applications, additive manufacturing (AM) has also shown promise as a means to tailor dynamic properties, such as the rate of chemical energy release in reactive materials (RMs). [21] [22] [23] [24] [25] RMs are a subset of energetic materials and are composites that, upon ignition, give rise to the rapid liberation of energy in the form of heat and/or pressure. Further within the subset of RMs, materials can be defined as either intermetallics (metal/metal) or thermites (metal/metal oxide). In a recent paper, it was With regard to preparing the aqueous Al and CuO prethermite inks, we based our formulations off of a recipe similar to that done by Rao et al. [26] to develop a 3D printable aqueous colloidal-gel matrix, suitable for loading with ceramic or various other solid powder materials. This report served as an effective starting point for the development of our prethermite ink components, but some modifications were necessary. As described, the aqueous ink matrix was composed of a methylcellulose hydrogel, which was reinforced through the formation of an ionic-bridging network between the carboxylic acid groups of a poly(acrylic acid) and the amine groups of a polyethyleneimine component. A key feature of this system can be attributed to its rheological stability and the avoidance of formed solid precipitates.
However, one aspect of the formulation must be accounted for prior to loading the matrix with potentially reactive metal filler materials. The combined addition of poly(acrylic acid) (Darvan 821A) and polyethyleneimine can result in the generation of ammonia and ammonium hydroxide species, rendering a strongly basic ink matrix that can strip the passivating aluminum oxide layer and begin degrading the reactive filler, resulting in the persistent generation of hydrogen gas. This gas generation led to poor 3D printing performance and behavior due to the extrusion of porous filaments and an unacceptable buildup of capacitance within the syringe ink reservoir (see Figure 2) . To overcome these issues, the poly(acrylic acid) and polyethyleneimine components were combined and neutralized with concentrated HCl prior to being added to the hydrogel matrix. pH neutralization of the ink matrix served to stabilize the ink within the syringe and remedy the gas generation and 3D printing inconsistencies associated with a strongly basic ink matrix; a strong ammonia smell released by the ink itself was also eliminated due to formation of odorless ammonium chloride.
With regard to determining the appropriate loading rate for the Al and CuO reactive metal filler powders, ink formulations were iteratively prepared by progressively increasing their respective loading rates until reaching a balanced level that was not exceedingly difficult to extrude and print and not too quick to dry out. Maximizing the solids is an important parameter in energetic materials, as it pertains to volumetric energy density. In this case, an Al loading of 74 wt% (52 vol%) was achieved for the Al ink and a CuO loading of 85 wt% (47 vol%) was achieved for the CuO ink. The Al and CuO particle sizes nominally dictated the experimentally determined filler loading rates due to surface area related particle-matrix wetting effects. The manufacturer reported particle size distribution for the Al powder (Valimet H-2 spherical) was <7.5 µm (50% < 3.5 µm) and <10 µm for the CuO powder (Sigma-Aldrich).
In order to assess the printability of the Al and CuO prethermite inks, yield stress measurements were performed via oscillatory rheology. A plot of the modulus ratio (G′/G″) versus oscillatory stress revealed a yield stress value of ≈65 Pa for the Al ink and ≈ 20 Pa for the CuO ink (yield stress was defined as the oscillatory stress corresponding to 90% of the storage modulus plateau, see Figure 3A ,B). An allometric model was fit to the shear rate versus shear stress plot, revealing that both the Al and CuO prethermite inks exhibited pseudoplastic behavior (flow behavior index, n < 1) based on the Ostwald-de Waele power law describing non-Newtonian fluids (see Figure S1 , Supporting Information). The spanning performance of the prethermite inks was also experimentally confirmed and verified www.advmattechnol.de through the printing of the Al and CuO inks onto 120 × 40 mm rectangular substrates with a V-shaped cut taken out of one end of the substrate. The dimensions of the V-shaped cut were 85 mm long, encompassing a 7.2° angle, with a maximal spanning distance of 10 mm at the terminal edge of the cut. A serpentine pattern (1 mm filament spacing) was printed in such a way that the extruded filaments (580 µm nozzle) perpendicularly spanned the V-shaped cut, progressively spanning the substrate gap until reaching a peak gap distance of 10 mm. It is not common to build large, unsupported spanning structures in parts, however, this ability simply serves to demonstrate the exceptional printability of the materials. In fact, the Al and CuO inks demonstrated the ability to span the entire length of the engineered gap to 10 mm with minimal sagging, see Figure 3C ,D.
Another aspect of 3D printing aqueous RMs that should be accounted for is the substrate material used for printing. To ensure the safety and performance of the printed RMs, the selected printing substrate should be entirely inert to the components within the printed inks. For example, while particular metallic substrates such as Al and steel may be robust to the thermite combustion process, these substrates were shown to not be entirely inert to the aqueous prethermite inks. Undesirable interactivity or degradation of the substrate surface can limit and inhibit adhesion of the printed ink filaments after drying. Therefore, chemically inert substrate materials such as ceramics (alumina, zirconia, etc.) should be employed instead. Sample images of dried printed filaments of Al and CuO on Al, steel, and alumina can be seen in Figure 4 , demonstrating the undesired oxidation and reactivity of the aqueous prethermite inks with various substrate materials.
To demonstrate the reactivity of the formulated 3D printable aqueous prethermite inks, the Al and CuO inks were fed into a Nordson EFD disposable static mixer at an equivalence ratio of 1.0 (i.e., a molar ratio of Al:CuO of 2:3 to completely oxidize the Al to Al 2 O 3 ). The static mixing nozzle had 24 elements; this length was simply chosen such that the ink appeared visually homogeneous upon extrusion. Evaluating www.advmattechnol.de the requirements to achieve complete mixing is a topic which will be investigated in a later study. The Al and CuO inks were passed through the static mixing nozzle and through a 0.58 mm (20 gauge) tapered conical tip to create a ≈10 cm long strip. A ceramic substrate was used for this, given the substrate effects discussed earlier (see Figure 4) . After printing, the test article was allowed to dry overnight under ambient conditions. While the thermite ink was comprised of approximately 80% reactive metal/metal oxide powder within an aqueous matrix, upon the elimination of water from the thermite ink due to drying, the printed thermite filaments were noted to consist of ≈97% reactive thermite. The remaining 3% could be attributed to dry methylcellulose, poly(acrylic acid), and polyethyleneimine. The methylcellulose network within the dry printed filaments served to effectively bind together what would otherwise comprise dry thermite powder and rendered the dry filaments as being quite robust and resistant to cracking due to water-loss-induced shrinkage.
The dry printed thermite filaments were ignited with a butane torch and a self-propagating flame could be observed. This event was recorded using a Phantom Miro M110 high-speed camera at 1000 fps. A photograph of the printed mixed thermite and propagating thermite flame front can be seen in Figure 5 . The flame front position versus time from the high-speed movie was recorded, and it can be seen that the propagation occurs with a speed of approximately 12 cm s −1 . While reporting flame speed is common in the literature, the absolute value on its own is not all that meaningful other than to roughly compare with other formulations. Both the formulation and configuration are well known to affect this value, and this must be considered when making such comparisons. Future work will look at the efficacy of mixing, as well as to investigate and quantify how printed features can be used to control this flame speed. However, the current work is a necessary precursor towards doing these more elaborate combustion studies.
In summary, we have demonstrated the successful formulation, printing, and combustion of aqueous prethermite inks based on an Al and CuO reactive thermite system. Aqueousbased inks were formulated, and their rheological properties and printability examined. These inks were then mixed in situ using a static mixer to render a printed thermite test article, and the article was shown to sustain a propagating flame. This work gives a facile, and safe, route to do more detailed studies to elucidate the effects of mixing and architecture on the energy release rate in thermites.
Experimental Section
Preliminary ink formulations were based on prior formulation work reported by Rao et al. [9] However, modifications to the ink formulation had to be made. Specifically, it was found early on that the unmodified formulations exhibited a degree of basicity that led to the progressive decomposition of Al. The formulation thus required acid neutralization to yield a stable printable ink material, the details of which are described in the current section as follows. Aluminum sheet (1/8 in.), hardened spring steel (1/16 in.), aluminum oxide ceramic sheet (1/8 in.), and alumina-silicate ceramic bar stock (1/2 in.) substrates were obtained from McMaster-Carr and were machine cut to appropriate widths as necessary for printing.
Preparation of the 5% Methylcellulose Hydrogel Matrix: Manufacturer procedures written for Methocel F4M (Dow) using a hot/cold solution www.advmattechnol.de preparation technique were followed for a 5% Methocel F4M batch (100 g). A beaker was charged with Methocel F4M (5 g), which was thoroughly mixed with hot water (35 g) at 90 °C. The mixture was agitated and mixed until all the Methocel particles were wetted and a consistent dispersion was obtained. The remaining water (60 g) was added as cold water while mixing and agitating the suspension, yielding a highly viscous material. The mixture was agitated until obtaining a smooth solution. The solution was slowly cooled to room temperature while agitating and mixing for at least 20 min, yielding a clear thick material that was deeply aerated with bubbles. Allowing the material to rest overnight yielded a clear homogeneous bubble-free hydrogel material. ). Al powder (22.5 g, 3.5 µm H-2 grade, Valimet, Inc.) or CuO powder (51.0 g, 10 µm grade, Sigma-Aldrich) was added to the mixing cup with a spatula. The components were speedmixed (Flacktek DAC 150.1 FVZ-K) at 3500 rpm for 15 s. The sides, bottom, and bottom corners or edges of the mixing cup were scraped with a spatula and the Al or CuO ink blend was speedmixed again at 3500 rpm for 15 s. The blended ink was scraped and speedmixed for an additional cycle if deemed necessary based on the consistency and uniformity of the prepared paste. Note that Al particles can exothermically react with water; thus, one should exercise extreme caution when mixing inks in a high-shear setup such as a Flacktek SpeedMixer. Accidental reactions with water can lead to pressure buildup within the mixing cup; however, one can mitigate this by minimizing the mass of Al or the mixing time and also allowing a sufficient cooling duration between cycles. After mixing, the paste was quickly transferred to a Nordson EFD syringe barrel (with a covered tip) to prevent water loss due to drying under air exposure. The syringe was placed in a 30 cc syringe holder and mixed with the Flacktek SpeedMixer at 3500 rpm for 15 s. An appropriate piston was inserted into the rear of the syringe barrel to eliminate any trapped air and prepare the syringe for printing.
Preparation of the Aqueous Al and CuO
3D Printing of P: All reagents and materials were obtained from their respective manufacturer as listed above and were used as-is without further purification. Formulations were prepared using a Flacktek DAC 150.1 FVZ-K SpeedMixer for compounding. Yield stress and viscosity measurements were obtained with a TA Instruments AR2000EX rheometer equipped with a stainless steel 40 mm Peltier parallel plate under a 1 mm sample gap spacing. Corresponding aqueous Al and CuO prethermite ink filled syringes were each attached to a linear-displacement motor, which supplied the appropriate displacement to feed the ink into a Nordson EFD conical syringe tip attached via Luer Lock. The extruder assembly was subsequently affixed to the static gantry of a custom Aerotech air-bearing xyz open frame movement stage, which was controlled via an A3200 controller through an Aerotech A3200 CNC operator interface (v5.05.000). G-code instructions were programmed and run through the controller software to generate component ink filament structures in both linear and serpentine (spanning) patterns. Figure 1 shows images of the experimental 3D printing system used to create all the parts and structures presented in this report. The inks were printed at a rate of 15 mm s −1 onto flat Al, spring steel, alumina, and ceramic substrates to study the effects of substrate-ink interactions and onto a 3D printed ABS substrate to assess the spanning capabilities of each respective aqueous prethermite ink.
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